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DESCRIPTION 


Monolithic array of light emitting diodes for the generation of light at 
multiple wavelengths and Its use for multicolor display applications 


TECHNICAL FIELD 


The present invention relates to monolithic arrays of light emitting diodes 
for the generation of light at multiple wavelengths, and multicolor displays 
based on such arrays. 


BACKGROUND OF THE INVENTION 

In our technical world displays have an important function as human 
interfaces for making abstract information available through visualization. In 
the past, many applications for displays were identified and realized, each 
with its own specific requirements. Therefore, different display technologies 
have been developed, each having their own strengths and weaknesses with 
respect to the requirements of particular display applications, thus making a 
particular display technology best suited for a particular class of 
applications. 

The most important display applications being pursued are based on 
cathode ray tubes (CRT), liquid crystal displays (LCD), or vacuum 
fluorescent, plasma, light emitting diode (LED), electroluminescent, and 
electromechanic displays. Among the most decisive criteria dictating an 
appropriate display technology are cost of fabrication, power efficiency, 
reliability, weight, size of screen, depth, brightness, gray-scale capabilities, 
dynamic range, resolution (I. e. the minimum size of an addressable picture 
element on th display), contrast, dependence of the contrast on th vi wing 
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i display Its If, each transistor controlling the charge stored in one capacitor, 
each capacitor influencing the orientation of the LC molecules between its 
electrodes and thus defining one pixel of the entire display. Today, the 
active matrix addressing makes possible brilliant full color displays capable 

5 of graphics with reasonable resolution or full motion video. However, large 
flat panel LCDs with active matrix addressing are expensive due to the costs 
of the fabrication of the transistor matrix array. Despite of the improvements 
due to the active matrix addressing, undesirable drawbacks remain such as 
the still limited viewing angle and the resolution being limited today to 

10 minimum pixel sizes of 100/im x 100/im. Furthermore, the pixel size 
determines the maximum magnification factors of projection displays, i. e. 
displays which generate a secondary virtual or real image from a primary 
display element by means of optical imaging and thus allow for the 
generation of magnified images, provided the resolution of the original 

is image prior to projection was sufficient. 

Large high resolution LCDs with sizes more than 30 inches diagonal are 
difficult and expensive to fabricate. Therefore, large flat displays, as desired 
for high definition TV (HDTV) or public information boards, are the domain 
20 of vacuum fluorescent, electroluminescent or plasma displays despite their 
poorer power efficiencies. In particular, large full-color flat-panel plasma 
displays have excellent potential to replace cathode ray tubes in HDTV in 
the near future. 

25 Light emitting diode (LED) displays are flat and lightweight, have sunlight 
vlewablllty, and have - in comparison with LCDs - an excellent viewing 
angle and a high response speed of the order of 10-20 ns compared with 
10-100 ms for LCDs. In addition, LED displays can have a smaller pixel size 
than LCD displays. LED displays have a pixel size dictated by the 

30 dimensions of a single LED, which can be quite small since it is defined by 
semiconductor lithography (sip x 1/im or less). The smallest pixel size of 
LCD displays is (about 100pm x 100pm) dictated by the physical properties 
(such as slz of molecules, viscosity, etc.) of liquid crystals. The rapid 
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S far. multicolor LED flat panel displays have been assembled from 
dlscrel LEDs (see for example 'A multicolor GaP LED flat panel display 
device' by T. Nina et al., 1981 SID Int. Symp. Digest Tech. Papers 12, PP 
140-141. 1981). In order to simplify manufacturing of such a device by 
taking advantage of modern semiconductor integration and processing 
technology, monolithic multicolor LED based devices providing a multitud 
of LEDs would be desired, whereby either individual LEDs generate discrete 
colors tunable over a certain range, or at least two different groups of LEDs 
exist, each being characterized by a common wavelength of its LEDs. the 
common wavelengths of different groups being distinguishable. The 
meaning of the word 'distinguishable' in this context depends on the 
application, namely on the observer. If the observer is a person, the person 
should be able to distinguish different colors. If (he display is interpreted by 
color-sensitive instruments, the instrument's color sensitivity is relevant. 

The above-mentioned list of characteristic features of monolithic devices 
with integrated multicolor LEDs is not complete, if the display has to show 
arbitrary image data including chromatic contrasts. Then, monolithic devices 
providing a two-dimensional array of equivalent multicolor pixels, the pixels 
being distributed on a flat substrate, would be desired, whereby each pixel 
is either represented by at least one LED generating a color tunable within a 
certain range under electronic control and/or is represented by a group of 
spatially separated LEDs, each being capable of generating one of two or 
even more distinguishable wavelengths. For a natural representation of any 
arbitrary visible color, the generation of three wavelengths at the position of 
each pixel is desired, for example one wavelength belonging to the blue, 
another to the green and the third to the red part of the visible spectrum. 

However, monolithic multicolor LED arrays providing a 1- or 2-dimensional 
distribution of individually addressable light sources on a substrate and 
providing 2 or more distinguishable colors are not known in the art. A 
special unsolved problem is the integration of LEDs capable of covering the 
entire spectrum of visible light.- 
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Today, exploiting these two concept, for tailoring the emission wavelength 
of an LED and using llf-V or ILVI compound semiconductors or their alloys 
for the active region of the LED, It is possible to cover the optical spectrum 
between near infrared and blue with discrete emission lines. However, due 
io constraints on the growth of high quality semiconductor layers the 
Beneral problem arises whether It is feasible to c mbine materials, doping 
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conditions and device cone pts for LEDs such that different wave.engths can 
be generated from a monolithic LED array. 

in the majority of LED technoiogies. the active region is p.aced between 
appropnate semiconductor cladding layers, one being doped p-ty pe and the 
other being doped n-ty P e, and the optical transitions are induced by 
■meeting electrons and holes into the active layer by app.ying an 
appropriate bias between the cladding layers. An important and sometimes 
restrictive premise of this approach is the existence of proper cladding 
materials which can be doped p- as well as n-lype and can serve as 
substrates for the fabrication of high quality active regions. Examples of 
common materials for active regions in p-n-type LEDs and the spectral 
reg,ons they are best suited for are summarized in the following, whereby 
spectral data are in general room temperature values. Materials mostly 
used are lll-V semiconductors such as GaAs. GaAIAs, GaP, GaAsP GalnP 
AIGalnP .GaN. AIGaN, InAIGaN, and ll-VI compounds such as ZnSe/CdZnSe' 
CdZnSeS or MgCdZnSeS, and the IV-IV compound SiC. 

Direct band-to-band transitions in GaAs are used for the generation of 
infrared light at around 870 nm. Exploiting direct band-to-band transitions 
in Ga^AI,.^, the infrared/red spectral range between about 867nm and 
about 652nm can be covered by choosing an appropriate molar fraction x 
The material system GaAs,. .P. is suitable for the spectral range 
867nm - 610nm (I.e. infrared - red) when exploiting direct transitions 
(x«M9), and appropriate for 610nm - 548nm (i.e. red - green) when taking 
advantage of indirect band-to-band transitions which can be enabled by 
impurity induced processes by doping with isoelectric impurities such as 
nitrogen. 

For blue light generating LEDs, wide bandgap semiconductors such as SiC, 
GaN. AIGaN, InAIGaN, ZnSe/CdZnSe or CdZnSeS are candidates. Until 
recently, the majority of such wide bandgap materials could not be grown p- 
as well as n-doped. Therefore, LEDs based on the conventional c ncept f 
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the msu.ating iayer is too thick, th s ries resistance and th thresh ,d 
v Itage increase, again lowering ,he power efficiency. Typical vaiues for an 
optimized thickness of the insuia.ing layer, taken for a GaN-based MIS-LED 
are in the range 20nm - l„ m (see "GaN electroluminescent devices- 
preparation and studies' by G. Jacob et a... Journal of Luminescence Vo." 
17; pp. 263-282. 1978). 

Blue light emitting MIS diodes have been realized in the GaN system. 
Examples of these have been published In: 

- "Violet luminescence of Mg-doped GaN* by H. P. Maruska et al Applied 
Physics Letters. Vol. 22. No. 8. pp. 303-305, 1973. 

- "Blue-Green Numeric Display Using Electroluminescent GaN' by J | 
Pankove, RCA Review, Vol. 34, pp. 336-343, 1973, 

- -Electric properties of GaN: Zn MIS-type light emitting diode' by 
M. R. H. Khan et al., Physica B 185. pp. 480-484. 1993, 

- 'GaN electroluminescent devices: preparation and studies' by G. Jacob et 
al.. Journal of Luminescence. Vol. 17, pp. 263-282. 1978, 

- EP-0-579 897 Al: 'Light-emitting device of gallium nitride compound 
semiconductor*. 

In these studies, a common substrate for GaN is used, namely sapphire On 
the sapphire substrate, a thick (several 100„m) layer of n-type GaN was 
grown, often unintentionally doped GaN. On top of the n-GaN layer, the 
active layer of Insulating GaN was grown. The insulating nature was realized 
by the incorporation of acceptors such as Zn, Cd or Mg during growth which 
compensate intrinsic donors and thus reduce the conductivity. Metals such 
as In. Nl, Ag. or Al served as metal contacts to the insulating active layer. 
As the sapphire substrate is insulating, special attempts are necessary to 
apply a bias to the MIS-dlode. For making a contact to the n-GaN layer, 
either side contacts at the edges of the substrate are formed, or the n-GaN 
layer is made accessible from above by etching contact holes through the 
insulating GaN active layer. 


WO 96/11498 


11 


PCT/EP94/03346 


=on,pans a „on of ,he ,„,„,.„„„ 0aN „ y lmpurt „ M *• 

ho s , „n,,co„d„c,,r „„,r. b y ,h. den,,,, „, lne lmpurily sl . .^J, 
on h oplnD „ ndltlons , , , „„ ^ o( |mpumy 

alee,ron,c tra „s,„on S WW, conirlbu,. .. ,„. ...Croiuninescenc. or ,„, 
( c„npe ns ,„d GaN ,.yer ,. ke pl<ce lh „ , owes| eondud|on 

an , m p„„,y „,,„,„ lhe „ neroy gap There(ore depeni|tag on 

, m pu ri ,y 5lales invofved ! proeess>s ™ 

9 anera,.d „,,„ pholon ,„. rglM 0 , tmtm J 

dlatnbuUon o. .npurUy .,„„. Ihe „ ak 0( ,„„ ^ .^.^^ 

ST? ■ " MrMeM " "*-«<«•". ar. 

don-nan, ,. red-ahmed du. ,o ,he WroduCon ., lro p ur ,„ M . B „ ed „„ ,„„ 

b<ue. »r..„. yeMow. ora„ B . aref r.d par. of «. !pKlnim . , ooelber , 
•*•"»•«•«•. .POdrum. The quanlum afncianc> as ,„„ as , 0 
VOH.O. of .uch devic.s are re, a „d .o U,. co,or o, .heir rad^lon. <,„.„,„„, 

* mfa * •*« "* «" »« b~n d. m „„ !lralM for 
oroon-yonow and for ,h. blu. par, „, „ 51bla lpeclrunl , ^ 

Typica! fhreshok. voll.ee, are «v tor lhe bfue, 5V for tt,. oreen. and 10V for 

the yellow. 

Recently, due to progress In the development of techniques for p-doping of 
GaN and related compounds such as InGaN and AIGaN, the first p-n-type 
b«ue GaN based LEDs have been demonstrated. One examp.e representing 
the state of the art Is given In "Candela-class hlgh-brlghtness InGaN/AIGaN 
double-heterostructure blue-llght-emlttlng diodes' by S. Nakamura et al 
Applied Physics Letters, Vol. 64, No, 13, pp. 168M689, 1994. The vertical' 
layer structure of the LEO disclosed in this articie consists of a stack of 
GaN/AIGaN/lnGaN layers grown on sapphire. The adlv layer consists f 
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Zn doped InGaN sandwiched betw en p- and n-doped AIGaN layers th 
sandwich forming a double-heterostructure. The Zn doping leads to optica, 
transitions whose energy ,. re.ated to the energy of Zn-re.ated impurity 
states in a similar way as.it is known for GaN (see above,. Since the 
sapphire substrate of this device is not conductive, contact holes are etched 
through the active layer in order to get access to the n-GaN layer 
underneath. 


Recent progress in developing doping techniques for ll-VI semiconductors 
such as ZnSe. CdZnSe or CdSSe a.lowsthese materials to be exploited for 
the fabrication of p-n-junction based blue-light-emitting LEDs and even laser 
diodes. An impression about the state of the art of the growth of ll-vt 
wide-bandgap materials can be taken from the article "Blue-green diode 
lasers- by G. F. Neumark et al.. Physics Today 6, pp. 26-32. 1994. 

In summary, using different semiconductor materials, their alloys and the 
incorporation of impurities, different materials for active layers of LEDs are 
available to fabricate single LEDs emitting light at wavelengths spanning th 
entire visible spectrum. However, concepts to integrate different LED-based 
light sources with multicolor capability on a single substrate are barely 
developed. 

Variable hue GaN MIS-LEDs which change their color as a function of bias 
are known from the article . "GaN electroluminescent devices: preparation 
and studies" by G. Jacob et al.. Journal of Luminescence. Vol. 17. pp. 
263-282, 1978. The wavelength tuning of such LEDs is based on the 
coexistence of different Impurity levels in the energy gap of the host 
semiconductor and the bias dependence of their occupation with electrons. 
At low bias, the transitions with the lowest energy occur. However, with 
increasing bias, the emission due to this transition saturates, whereas a 
transition with a higher energy appears with increasing intensity and begins 
to dominate the electroluminescence spectrum at even further increased 
bias. The article cited above gives the example of a GaN MIS-LED which 
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ab ve-mentioned r f r nee. singl lem nts of such 2-c lor LEDs have 
been made and used as picture elements of large flat pane, displays for TV 
applications. 

Up to now. these concepts have not been extended to provide a multitude of 
multicolor LED-based light sources on a single substrate. In particular th 
question of how to provide a multitude of LED-based light sources with 
predefined colors between blue and red. with predefined shape, and 
predefined position on a single substrate has not been tackled. 


SUMMARY OF THE INVENTION 

It is an object of this invention to provide a monolithic array of light emitting 
diodes for the generation of light at multiple wavelengths. 

It is a further object of this invention to provide a monolithic array of light 
emitting diodes for the generation of light at multiple wavelengths, together 
spanning the entire visible spectrum. 

It is a further ob|ect of this invention to propose a a monolithic array of light 
emitting diodes for the generation of light at multiple wavelengths which are 
simple and cheap to manufacture, and to propose appropriate materials for 
the LEOs and the substrates. 

II Is a further object of this invention to provide applications of monolithic 
multicolor LED arrays for displays with special emphasis on high resolution 
full color displays with gray-scale and video capability, whereby the term 
full color denotes the capability of representing any color of the visible 
spectrum. The LEDs may represent light sources of any shape or size, thus 
defining arbitrary picture elements of a display. 
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The mvent, n as claim d Is Intended to meet these requirements. ,» 
pr vides an array of light emitting diodes (LEOs) for the generation of light 
a. muit.ple wavelengths, ,h. LEDs being realized in a .ayered structure of 
semiconductor films grown on one substrate, said array comprising contact 
areas for appiying a bias to said LEDs. at ieas, two particular LEDs of said 
LEDs havmg different electroluminescence spectra obtained in that 

• only the first of said particular LEDs has an electroluminescence 
spectrum being determined by impurity states in the material forming 
Hs active region, said impurity slates leading to optical transitions with 
energies below the bandgap energy of said active region, or 

• both of said particular LEDs have at least one Impurity state in the 
material forming the respective active region . said impurity states 
being different for both of said LEDs due to different local doping 
conditions, and each of said Impurity states leads to optical transitions 
with energies below the bandgap energy of said active region said 
optical transitions contributing to said electroluminescence spectra of 
said particular LEDs, or 

• said electroluminescence spectra of both of said particular LEDs 
comprise at least two emission lines with different emission 
wavelengths, both of said emission lines being attributed to optical 
transitions which are related to impurity states in the material forming 
the active region of said LEDs and have a photon energy below the 
bandgap energy of said active region, said two emission lines having 
the same photon energy but different relative intensities for said 
particular LEDs. 

The basic idea behind this invention is the choice of a semiconductor 
material which can be modified by doping such that its electroluminescence 
spectrum contains one or more emission lines which are due to electronic 
transitions from excited electronic slates of th s miconductor material to 
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one or more doping-induced impurity states within the nergy gap whereby 
it is assumed that the wavelength of the impurity-induced emission lines are 
influenced by the doping conditions, for example the kind of dopants the 
mixture of different dopants, the doping concentration, or the method of the 
doping procedure. The bandgap of the active-layer material determines the 
shortest wavelength to be generated by electroluminescence. Therefore a 
wide-bandgap semiconductor with a bandgap of * 3 eV is used for the 
active region of the LEDs If the emission wavelengths span the entire visible 
spectrum between Infrared and ultraviolet. Using such a material for the 
active region of LEDs. there are different approaches possible to design 
multicolor LED arrays in accordance with this invention. 

One approach is based on an active layer with a lateral variation of the 
doping conditions. Therefore. LEDs fabricated at different positions on the 
substrate have different emission wavelengths. For the fabrication of 
displays with an arbitrary distribution of picture elements of arbitrary shape 
and arbitrary color, doping methods are exploited which allow for the local 
Incorporation of dopants after the growth of the active layer on a substrate 
in combination with mask steps for the control of the lateral doping profile. 
If the LEDs have only one emission wavelength, the emission wavelength of 
a particular LED remains stable upon changing the bias applied to it 
(provided that secondary effects such as temperature effects are neglected). 
Different gray-scales are realized by changing the bias, and/or rapidly 
modulating the LEDs with variable speed and/or amplitude. 

The second approach is based on an active layer which is doped such that 
two or more emission lines appear in electroluminescence. In this case, as 
stated In the Introductory portion of this application, such an active layer 
leads to variable hue LEDs which change color with bias, whereby the color 
is actually a mixture of different elementary colors. Thus, a lateral variation 
of bias with position on the substrate leads to a lateral variation of the color 
generated in the active layer. This statement holds, even if the doping 
conditions are homogeneous in the entire active layer. According to this 
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DESCRIPTION OF THE DRAWINGS 

F«G. 1A sh0W 3 an example of a layered structure of semiconductors on 
top of a planar substrate for the fabrication of multicolor 
MIS-type LED arrays. 


FIG. 1B 


FIG. 2 


show, an example of a layered structure of semiconductors on 
top of a planar substrate for the fabrication of multicolor 
P-n-type LED arrays. 

depicts an example for a multitude of pixels corresponding to 
masks for the definition of lateral doping profiles and contact 
areas of the inventive multicolor LED arrays. 


WO 96/11498 


18 


PCT/EP94/03i46 


FIG. 3A shows an xarnple of a vertical profile of a MIS-type LED on a 
nonconduclive substrate. 

FIG. 3B shows an example of a vertical profile of a MIS-type LED on a 
conductive substrate. 

FIG. 4A illustrates an example of a vertical profile of a p-n-type LED on 
a nonconductive substrate. 

illustrates an example of a vertical profile of a p-n-type LED on 
a conductive substrate. 

depicts a portion of a high-density 2-dimensional x-y 
addressable LED array on a conductive substrate serving as 
common electrode. The electron emitting and electron 
collecting layers are vertically arranged. 

FIG. 6 depicts a portion of an array of multicolor MIS-LEDs with a 
lateral arrangement of the electron emitter and the electron 
collector, the array being suitable for x-y addressing 

FIG. 7 depicts a portion of a further embodiment of a multicolor 
MIS-LED array with a lateral arrangement of the electron 
emitter and the electron collector, the array being suitable for 
x-y addressing. 


FIG. 4B 


FIG. S 
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GENERAL DESCRIPTION 
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Figures 1A and IB show layered semiconductor structures based on 
(AWa,. ) ,Vln ( . y N. These layered structures are considered as starting 
points for the fabrication of preferred embodiments of this Invention They 
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are kept as simple as possible, i.e. nly one layer serves as active layer for 
the entire multicolor LED array. The layered structures shown in Fig. 1 are 
used in the following for a demonstration of the inventive idea of this 
application for two major LED technologies, namely MIS- and p-n-type 
devices. 

Initially, we discuss only devices based on crystalline materials. However, 
the basic concepts being summarized in the following can be extended to 
other states of solid matter, e.g. to polycrystalllne or amorphous material. 

Figure 1A shows an example of a layered structure of semiconductors on 
top of a planar substrate for the fabrication of multicolor MIS-type LED 
arrays. Several substrates are suitable for devices based on crystalline 
(AI K Ga,.,,) y ln,. y N, for example sapphire, SiC. Znb or AIGalnN. Sapphire, 
which is insulating, is the substrate material traditionally used. The 
application of SiC, ZnO and AIGalnN as suitable substrates is also known 
but not widespread. Below, it is shown that it is the good conductivity of SiC 
and AIGalnN of which advantage can be taken, because due to this 
property, means for applying a bias to a particular LED in a LED array can 
be simplified, such simplification being one of the objects of this invention. 
Both substrates, sapphire and SiC, are transparent for visible light. With 
such substrates, the LEDs to be discussed in the following can be designed 
such that the light generated by a particular LED is preferably emitted 
through the substrate into the halfspace below the substrate (whereby the 
term 'below' corresponds to the backside of substrate, i.e. the side not 
being used for the deposition of the layers of semiconductors). In this case, 
an antireflection coating optimized for the emission wavelengths is 
deposited on the backside of the substrate in order to optimize the external 
power efficiency of the LEDs and to avoid multiple reflections of the light 
coming from a particular LED. Multiple reflections are not desired since they 
lead to a multiple appearance of a single light source and thus to optical 
crosstalk of adjacent LEDs, i.e. light which, for an observer, seems to come 
from a particular LED might appear due to reflections of another LED in the 
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ne.ghb rhood. Such crosstalk is unfavorable in particular in high-res .ution 
display appHcat. ns which require small pixe. sizes and thus a high density 
of LED,. Of course. LED arrays based on the structures in Fi 0 . , can be 
designed such thai the electroluminescent light directed towards the 
halfspace above the substrate Is used. In this case, too. mu.tip.e reflections 
at the backside of the substrate and the topside of the structure must be 
suppressed for the avoidance of optical crosstalk. 

High-quality crystalline layers of (ALGa.^ln,. ,N can be grown by means 
of ep.laxy methods such as metal organic vapor phase epitaxy (MOVPE) or 
molecular beam epitaxy (MBE). Typlcai growth conditions are described in 
the literature, e.g. 

- EP-0-579 897 A1 

- EP-0-551 721 A2 

-"GaN, AIN. and InN: A review" by S. Strife et al.. Journal of Vacuum Science 
and Technology, Vol. B 10, pp. 1237-1266, 1992. 

From these References, also descriptions of standard device processing 
steps such as etching processes, doping (AI,Ga, .^n, y N p- and n-type 
during and after crystal growth with a variety of dopants (e. g. Zn Cd Si 
and Mg). and the formation of metal coatings resulting in either Schottky 
barriers or ohmic contacts can be taken. Such fabrication steps are 
considered as known and are not discussed in detail when they are 
mentioned in the following in the context of the embodiments of this 
invention. 

The layered structure shown in Fig. 1A comprises a conductive 
n-(AI,Ga,.,,) y in,. y N layer 11 on top of the substrate 10, and a further 
(AI.Ga,_,,),ln, _„N layer 12 serving as active layer of the LEDs to be realized 
in this structure. The first-grown n-(AI,.Ga,..yn l . y N layer 11 is either 
undoped and Its n-type conductivity relies on nitrogen vacancies (i.e. 
unintendedly n-doped), or its conductivity is further increased by n-doping, 
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in accordance with .his invamion. dWeren, doping procedures are s Ul ,ab,.' 
depending on ,h. par.icu.ar . P p„c„.„. This doping can be performed 
e,lh,r during or afler growth of .he aciv. i.yer. For ,h, compensaUon ,h 
same impuri.les which ,..d lo ,h. municolor capability o. ,h, ac.ive layer 
can be used. 

If the multicolor capability of the Inventive devices is achieved by exciting at 
•east two different impurity-induced optica, transitions together and thus 
mix.ng different elementary colors, the compensation of the active layer can 
be performed during the growth of the active layer, or after its growth by 
exploiting methods such as diffusion of ion implantation, thus resulting in a 
nearly homogeneous distribution of dopants In the active layer 12 In this 
case, either at least two different impurities such as Zn in combination with 
Cd or high concentrations of on. dopant such as Zn. leading to at least two 
different impurity states (see introductory part) can be used. 

However, if the multicolor capability of the Inventive LED arrays relies on 
lateral variation of the doping conditions in the active layer, it is favorable to 
perform the doping after the growth of the active layer. This is favorable if 
the doping conditions must be varied spatially over a large range as it is 
required if the novel LED array is designed for covering a large range of the 
visible spectrum. The large lateral variation of the doping conditions 
required In this case cannot be easily controlled during growth of the active 
layer in the present state of the art. An approach to realize a large lateral 
variation of the doping conditions, in accordance with this invention, after 
growth of the active layer will be discussed later in context with Fig. 2. 

In Fig. 1A, the first semiconductor layer 11 grown on the substrate 10 is 
characterized as being n-type. However, as has been mentioned in the 
introductory portion, the MIS-LEDs to be discussed In the following function 
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also with the first semic nductor layer being p-d p d, provided the sign of 
the operating bias is reversed. The main difference between both structures 
is the larger resistance of a p-layer. resulting in a slightly reduced power 
efficiency of the p-layer based MIS-LED. 

For the thickness of the insulating layer 12 in Fig. 1A. trade-offs exist 
leading to optimized values. According to remarks in the introductory 
portion, a thickness of the active layer in the range of 20nm - 1^m is 
reasonable. 

Fig. 1B depicts a second layered structure which is the main building block 
for a second embodiment of this invention, namely a multicolor array of 
p-n-type LEDs. The layer sequence 15 - 18 chosen is in some respects 
similar to a known structure cited in "Candela-class high-brightness 
InGaN/AIGaN double-heterostrudure blue-light-emitting diodes' by S. 
Nakamura el al.. Applied Physics Letters. Vol. 64. No. 13. pp. 1687-1689, 
1994. This reference has already been acknowledged in detail in the 
introductory portion. We adopt in the following the idea of using a 
double-hetero structure consisting of an active layer 17 (Mj9a,.Jjn,.JH 
sandwiched by two (AI„Ga,_ u X,ln,- w N cladding layers 16 and 18. one being 
P-doped, the other being n-doped. The mole fractions x, y, u. and v are 
chosen such that a heterobanier occurs at the interfaces between active and 
cladding layers (e.g. with x-0, y »0.5, v - 1, u=0.5). For n- and p-doping of 
the cladding layers, SI and Mg, respectively, can be used as dopants. In the 
above-mentioned article, a single blue-light emitting LED is disclosed which 
benefits in terms of brightness and wavelength redshift from Impurity 
related transitions in the active layer, whereby the impurity Zn has been 
introduced during growth, leading to a homogeneous doping of the active 
layer. However, in the framework of this Invention, the doping has a 
different role, namely It has to Introduce multicolor capability. Again, both 
doping approaches having been discussed in the context of Fig. 1A can 
been applied, either a doping leading to at least two different impurity 
states, this kind f doping being performed either during or after growth of 
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th activ ,ayer 17. or a d ping with a iarg iaterai variation of the doping 
conditions, this doping procedure being performed after growth of the active 

layer 17. 

In the next step, it is shown how structures like those depicted in Fig 1 can 
be doped with a .arge iaterai variation of the doping conditions. This 
doping is not oniy used in the following for adding mu.ticoior capabiiities 
but also for a modification of the conductivity of semiconductor layers in the 
lateral direction. This latter application is relevant for the electrical isolation 
of adjacent devices in arrays. The task of doping of semiconductor iayers 
after their growth including the control of a iaterai variation of the doping 
conditions is divided into a mask step with a subsequent doping step 
whereby several steps of this kind may be sequentially carried through' 
During a mask step, the surface of the semiconductor structure to be 
modified by doping is covered by a mask such that only certain islands on 
top of the surface are accessible for dopants. During the subsequent doping 
step, the masked semiconductor structure is exposed to dopants. For 
doping, all methods are adequate which allow for the controlled 
incorporation of dopants into a defined volume of a semiconductor structure 
through the surface of this structure. Examples of such doping methods are 
ion implantation or vapor deposition. An additional annealing leads to a 
redistribution of dopants by diffusion within the sample and/or to annealing 
of defects. The annealing is optional for ion-implantation since in this case, 
its function is mainly to activate dopants rather than to redistribute them! 
However, after vapor deposition, annealing is mandatory for the 
Incorporation of dopants into a semiconductor structure. The so-called 
'doping conditions' can be described by a set of parameters which 
characterize the doping process as completely as possible. The most 
important ones are the kind of incorporated dopants and their local 
concentration described by a 3-dimensional doping profile. In general, if n 
different doping conditions must be realized at different locations of a 
semiconductor layer, n different mask steps with a subsequent doping step 
must be carried through. 
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above-mentioned Reference EP-0-579 897 -A1. 

Examples for doping conditions which can be achieved with the 
above-mentioned doping procedures and a.iow for a compensation of n- lype 

a " d ,Md 10 scence of GaN in different sections of the 

ent,re visible spectrum are known from the article 

- 'Photoiuminescence of ,on-,m P ,anted GaN" by J. ,. PanKove, Journal of 
Applied Physics, Vol. 47, No. 12. pp. 5387-5390, 1976, 

and the other References mentioned above in the context of GaN-based 

(A.^ u„ TT d8ta for olher members of jhe ^ 

(AI.Ga,..) yl n I . y N can be considered a. being a continuous function of x and 


del ^ r 0, fabriCat, ° n ° f LEDS °' n th8 «"* * *■ structures 
dep,cted in Figs. 1A and IB are discussed. No specie! attention is paid for 

zr r.rr ab,e hue leds - ^ s,ruc,ure8 ™ bas,c ^ »■ — « 

those of LED arrays with a lateral variation of the doping conditions. ,n 
addition, both types of LED array, can be fabricated by exploiting the same 
processing steps after growth of the active layer. Only the choice of the 
doping conditions of the active layer Is different for both types of LED 
arrays. Therefore, also a single monolithic LED array comprising both types 
of LEDs can be made by forming a proper pattern of dopants In a single 
layered semiconductor structure. For the sake of convenience, only LED 
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arrays with a lateral variati n of the doping conditions are treated in the 
following. 

In the next step, it is shown in detail how the above-mentioned mask steps 
and doping procedures are used for the fabrication of multicolor LEDs. In 
order to give a few examples, the structures shown in Fig. 1 are used as 
starling points. 

Fig. 2 shows as an example a 2-dimensional distribution of pixels 1 - 3. 
each representing one of three elementary colors blue, green, and red. In 
the following examples, fabrication steps for different LED arrays which 
reproduce such a pixel distribution are illustrated. II is obvious, that this 
example can be modified in many ways. The colors, the number of different 
colors, the size, the shape and the arrangements of the pixels are arbitrary. 
However, this is an extreme example Illustrating relevant features of this 
Invention. This particular arrangement of pixels is suited for full color 
displays for the presentation of color images, since the arrangement can be 
interpreted as regular pattern generated from three subpixels. a blue, a 
green, and a red one, by equal translations in two dimensions. 

In the following, cross sections through LED arrays along one line of LEDs 
are shown, and the main fabrication steps of these particular arrays ar 
described. Cross sections in other directions would be qualitatively 
equivalent as far as the portions of single LEDs are concerned. Differences 
can appear In the context of electrical isolation between different single 
devices, for example the isolation of LEDs in x-y line-addressable LED 
arrays. In the latter case, the x-y addressing can lead to isolation 
approaches which are different for the x- and y-directions. Such differences 
are discussed later when 2-dimensional arrays with a high pixel density are 
treated. 
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A first embodiment of this invention is shown in Fig. 3A. It is a multicolor 
LED array based on MIS-LEDs which are made from the layered 
semiconductor structure in Fig. 1A. It is assumed that 

- the substrate 30 (being equivalent to layer 10 in Fig. 1 A) is not conductive, 
e.g. sapphire: 

- the LEDs represent light sources whose shape observed in the direction 
perpendicular to the substrate 30 corresponds to the pixel distribution in 
Fig. 2; 

- each LED can be biased via one individual metal contact 33.x (x = 1, 2, ...) 
on top of the active layer 34 (being equivalent to layer 12 in Fig. 1A), this 
contact not being shared with other LEDS, and other contacts 32.x (x-1, 
2, ...) which can be shared with other LEDs; 

- the electrical current through the active layer 34 of the LEDs is mainly 
perpendicular to the substrate 30 since the active layer is thin and its 
resistivity is high in comparison to the adjacent layers. 

This specification requires the following steps in order to arrive at the 
device structure shown in Fig. 3A when starting with the layered 
semiconductor structure in Fig. 1A. Layer 12 is intended to become the 
active layer 34 of the LEDs shown in Fig 3A. Therefore, it must be 
compensated with impurities as described above in accordance with the 
specified colors of the light sources to be fabricated. Since individual pixels 
with three different colors are desired, three different mask steps with 
subsequent doping steps are required, each step defining the doping 
conditions for the active areas of the entire set of equivalent LEDs. The 
hatched areas in Fig. 3 indicate regions which have been doped in one of 
the before-mentioned doping steps. These areas are marked with the 
symbols D, (i = 1, 2, and 3) in order to distinguish between regions with 
different doping conditions. The shape of a particular island D* being 
characterized by constant doping conditions has not to be identical with the 
shape of light sources to be fabricated. As the thickness of the active layer 
is normally ab ut 1 urn r less, the desired pixel size is normally larger 
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than the thickn ss of the activ layer 34 (but does not have to be) As the 
current injection into the active iayer is considered to be main.v 
perpendicutar to the substrate 30. and the shape of the light sources 
basica.lv reflects the distribution of electrical current through the active 
layer 34. It is mainly the shape of the individual metal contact on top of the 
active .ayer which determines the shape of a particular light source 
Therefore, in order to avoid leakage current in the LEDs, the constantly 
doped islands Di should not be smaller than the contacts 33.x. Limitations 
with respect to their shape are mainly given by the space requirements for 
different devices. Since the shape of the metal contact defines the light 
pattern emitted by the LEDs. transparent metals (e. g. ITO. i. e. indium tin 
oxide) can be used for the metal contacts if it is desired to collect the light 
out of the metal-contact side. Most metals absorb visible light. If such 
non-transparent metals are used for the metal contacts, the light of the LEDs 
can only be emitted through the substrate. 

After the definition of islands with constant doping conditions, contacts for 
applying a bias to each particular LED are realized. The conductive 
semiconductor layer 31 of the LEDs serves as a common electrode to all 
LEDs unless device isolation Is desired and appropriate means for electrical 
isolation such as etching of isolation trenches are applied. However, in this 
particular example, It is assumed that each LED Is individually addressable 
by means of one individual contact on top of the compensated regions D,. 
Consequently, the conductive layer 31 can be used as common electrode. 
As the substrate is assumed to be nonconductive. a physical contact to the 
conductive layer 31 must be realized. This can be done by etching a contact 
hole through the top layer 34 or using side contacts. However, if the LED 
array is large, the conductivity of the doped layer might not be sufficient for 
such contacts to the conductive layer 31. Then, a multitude of contact holes 
or trenches can be etched through the active layer and an appropriate 
wiring of conductive material 32.x can be installed to provide a low series 
resistance for all LEDs. For biasing a particular LED. contact areas are 
defined for each LED on top of the active layer 34 (or D ( ). and metal contacts 
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1 33.x f appropriate shap c (responding to the desired shape of the pix Is 
are realized, whereby known procedures for the metallurgy (see References 
cited above) and the pattern definition such as photolithographical steps or 
printing can be used. The application of these processing steps leads to the 

5 structure depicted in Fig. 3A. 

For addressing each LED independently, different functional elements might 
be added. The contacts 32.x and 33.x could be connected to independent 
address lines on top of the structure shown in Fig. 3A, thus providing an 

io external electrical connection to each individual LED. This can be helpful 
for connecting to the driver electronics required for biasing the LEDs. 
However, other methods known from microelectronic packaging can also be 
applied, e. g. the contact areas on the LEDs could be brought into electrical 
contact with the wiring on a second module through which the external bias 

is to the contact areas can be applied. 

The multicolor array shown in Fig. 3A can be simplified if the substrate is 
conductive (e. g. SIC, InGaAIN). In this case, the doped semiconductor layer 
1 1 in combination with the substrate 10 serve as a single common electrode 

20 and special contact holes for accessing the doped semiconductor layer can 
be avoided. This simplification is shown in Fig. 3B. The simplified structure 
is equivalent to the structure in Fig. 3A. Layer 36 corresponds to layer 31. 
Only the top contacts 32.x to the conductive semiconductor layer are 
replaced by a contact to the substrate 35, which is in this particular example 

25 realized as bottom contact 37, thus leading to a simplification of the 
fabrication. Top contacts 38.x to the compensated regions D, define 
individual MIS-LEDs. Note the elimination of 32.x due to the conductive 
substrate 35 allows a greater portion of the surface area to be dedicated to 
color pixels* allowing Increased pixel density and higher brightness. 

30 

Fig. 4A and 4B show a third and a forth embodiment of this invention. They 
demonstrate the application of the inventive idea to LEDs with p-n-junctions. 
As an example, it is assumed that the same pattern of pixels having been 
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discuss d in the context f the previous embodiments is transferred to the 
layered s ml conductor structure depicted in Fig. IB. The major differences 
in comparison with the MIS-type devices are: 

• In order to provide the active layer with multicolor capabilities by 
doping after growth of the semiconductor layers, it is important to 
tailor the vertical profile of subsequently incorporated dopants 
correctly, since the thin active layer 17 or 43 is located in the 
p-n-lunctlon and thus is not in direct contact to the surface of the 
layered semiconductor structure. Care must be taken that a sufficient 
number of dopants passes through the top layer 44 of the structure and 
reach the active layer 43. Therefore, the top layer - in the example of 
Fig. IB a p-layer - Is made as thin as possible, e. g. lOOnm - ijun. 
Furthermore, it must be taken into account that the proposed doping 
procedure changes the doping of the layer 44 on top of the active layer 
43 and, If the penetration depth of dopants is too high, the doping of 
layer 42 underneath as well. Therefore, in order to avoid a shift of the 
p-n-Junctlon due to the proposed doping procedure, care must taken 
that no part of any cladding layer 42 and 44 is completely compensated 
during the incorporation of dopants (generally acceptors) into the 
active layer 43. This is done by a careful control of the vertical doping 
profile and by setting the Initial doping concentration of that layer, 
which is partly compensated due to the proposed doping procedure, 
sufficiently high. An appropriate doping procedure is ion implantation 
since the distribution of implanted ions is basically a peaked function 
whose characteristics, namely its width and the position of its center 
with respect to the surface bombarded with ions depend on the ion 
energy, on further parameters determined by the nature of the ions 
and the implanted material, and on the conditions of further optional 
processing steps such as annealing. Therefore, choosing appropriate 
parameters of the ion implantation process, a concentration of the 
dopants in the active layer 43 can be achieved, in accordance with the 
requirements of the fabrication of the devices shown in Fig. 4. An 
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alternative approach leading to ouivalent results is growth 
Interruption of the lay red semiconductor structure after growth of the 
active layer 43, subsequent definition, of individual pixels by the 
application of the above-mentioned doping procedures, and the 
continuation of the growth of top cladding layer 44. 

• The top layer 44 of the structure shown in Fig. 4B is conductive 
Therefore, the LEDs must be electrically isolated from each other This 
can be done exploiting standard approaches, e. g. by etching isolation 
trenches through the uppermost cladding layer 44 and the active layer 

43 or by making appropriate portions of the uppermost cladding layer 

44 insulating, for example by compensation. The latter can be 
achieved by exploiting one or more mask steps with subsequent 
doping steps. Again, care must be taken for the control of the vertical 
doping profile in order to avoid leakage currents and electrical 
coupling of adjacent LEDs. These effects are present If the 
compensation of the top cladding layer 44 In regions between different 
LEDs is not complete. 

♦ For p-n-type LEDs, the shape of the top contact is less important for the 
shape of the light spot related to a particular LED since a current 
spreading occurs In the cladding layers due to their conductivity. The 
shape of the multicolor light sources can be defined in two ways/either 
by tailoring the lateral current profile within a particular LED (e. g. by 
electrical Isolation, see above) and/or by shaping the lateral profile of 
those dopants which are responsible for the radiative transitions in the 
active layer. 

Taking the remarks related to p-n-type LEDs into account, the 
above-mentioned steps are applied to the layered structure shown in 
Fig. 1B and two novel multicolor p-n-type LED arrays are realized. These 
examples are shown in Fig. 4A and 4B. Both examples are equivalent 
analogs of the MlS-type LEDs in Fig. 3. In particular, in the case of Fig. 4A. 
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the Bubstrat 41 is insulating. In the case of Fig. 4B. the substrate 47 is 
c nductive. Again, like in the previous examples, areas with constant 
doping conditions are hatched and the symbols 0, ( l-i. 2. ...) are used to 
distinguish between different doping conditions and thus different colors of 
the related light sources. As electrical Isolation between adjacent LEDs. the 
option of etching away parts of the uppermost cladding layer and the active 
layer has been chosen. As to approaches to form contacts for biasing 
individual LEDs. the same arguments hold as those given above in the 
context of MIS-devices. In particular. If each LED can be biased via an 
individual contact on top the uppermost cladding layer, the lower cladding 
layer 42 can be used as common electrode for all LEDs. Furthermore, if th 
substrate is conductive. It Is sufficient even for a large substrate to use one 
common contact 48 to the substrate and one individual top contact 45.x for 
each LED for biasing, whereas in the case of an insulating substrate, a 
variety of contacts 46.x to the lower cladding layer might be required for 
large substrates In order to minimize the series resistance for all LEDs. 

In the following, special considerations are made which are related to 
2-dimensional arrays with a high density of (MIS- or p-n-type) LEDs. LEDs 
with radiative areas (In a plane parallel to the substrate) as small as 
0.1/im x 0.1/im are feasible based on modern semiconductor processing 
techniques, thus potentially allowing for a realization of multicolor displays 
with a resolution in excess of 100,000,000 pixels per cm». In this context, the 
question of how to address an individual pixel must be foccused on. If the 
pixel density Is as high as 100,000,000 pixels per cm», it is not possible to 
connect each LED wtth one Individual address line for biasing or even to 
two individual address lines if no contact common to all LEDs is available. 

The classical solution for such addressing problems is the above-mentioned 
x-y line addressing, I. e. assuming that each device to be addressed is a 
two-terminal device which is activated by applying an appropriate bias 
between two terminals and all devices are arranged in a 2-dimensional 
regular array such that a particular device can be identified by a particular 
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r « ,,h. x-row, .„„ . p . nicu ,„ column 

addressing o, a d . nse Mlmen5iona| array „ eQuiva|en| J * 

x-row- ,„es and y -c„, umn , lnM . eaen * 

. row o, , . array and .ach co,umn,,n. being „, ributed „ . ^ * 
column o, ,h. array. ,„ x -y „„. addres8in9 , „ ne termina( of ^ « 

d.v,ce. ,.| d ..rminal bain, lunCionaily . quivalenl (or „ ^ " 
conn^ed , lh . altr1buted )o (he m> ^ ^ 

a«h p.rt.c.ar device I, conneCed t0 ,„. C o, U mn „„. 

<.avica. and a particular d.v,c. „ aC.va.ed by a pp, W n B a bias t0 £ 

appropriate row and column Una, simultaneously. 

So far. ambodlm.nl, of this invention have bean discussed which are 
characterized by lermlnal. shared ba*a.„ a multliud. ol d„lc... e..h.r by 
con .«.„„ a conducive s. m ,conduclor layer or .ubsir.,. commo „ ,„ a|| „ 
mm*, device, or by using a conducive subslral, which ,s conned ,o 
•II devices. Such design, allow .or .he ..br.ca.lon o. LEO array, wHh , „„h 
spa.,.. LEO d.„.i,y .,„c. . pac . „ ,. v . a by ^ ^ 

has. design, require .he biasing C each LEO via an individual address' 
,ne. Th.nM.re. 2-d,m.„.,o„.| array, based on ,„ch design, .„ „., ,„,„„ 
lor x-y Unwddr^lng, unle« . control device I, added .o each LED. said 
davlce centring ,h. b... ,o on. Indapendan, lermlna, o, a pabular LED 
and being controlled vl. x-y llne-addresslng. 

In the tolling, wmp[ , „, , cmM ^ ^ ^ ^ 
x-y line^ddnMsing .o Ih. novel Crudure. having been discussed so .ar i, 
given. An appropriate control device can be a 3-t.rmin.l device such a. a 
transistor, two terminal. „.,„„ connec , ed , o a ^ _ 

y-column-line. both terminal, In combination controlling the electrical 
current Bowing through the third terminal. This third terminal „, this 
controllable current source can be «ed lor biasing on. LED who., second 
terminal i, on . predefined electrical potential. Thus, an ,-y addressable 
2-dimenslon.l LEO array can b. realized a. a combination of a 
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2-dimensional array of LEDs having one terminal in common, an array of x-y 
address lines, and an array of transistors, each transistor being situated at 
a node of the x-y address lines and being connected to the address lines 
and the LEDs as described above. This approach is suited for monolithic 
integration, since technologies which have been developed for LCD 
displays, in particular the thin-film transistor technology, (see introductory 
portion) can be adopted. For thln-fllm transistors, semiconductor materials 
such as amorphous silicon (a-SI). polycrystalline silicon (poly-Si). CdS 
CdS. amorphous Ge. etc. have been exploited. a-Si and poly-Si are most 
widely used. An advantage of thin-film transistor technology is the 
possibility of providing uniform, reproducible film quality over large areas 
by using fabrication methods such as chemical vapor deposition (CVD) r 
plasma-enhanced vapor deposition (PECVD), thus the possibility of scaling 
transistor circuitry to large sizes, and the compatibility with many classes of 
materials, which can serve as substrates, e. g. crystalline semiconductors, 
metals, dielectrics, glasses, polymers etc.. In accordance with these 
characteristics, the known thln-fllm transistor technology can be combined 
with the novel LED arrays under consideration. 

One example of such a combination is shown in Fig. 5. Fig. 5 shows a 
portion of a x-y addressable LED array which is basically the array shown in 
Fig. 3B, each LED being connected to one transistor 54 of a transistor array 
on top of the LED array, and each transistor being connected to a x-row-line 
60 and a y-column line 61 of a network of x-y address lines via two 
terminals 57 and 58. In Fig. 5, a particular LED is shown, the LED 
consisting of a meta) contact 55 on top of a stack of three layers 50, 51, and 
52, corresponding to the layers 35. 36 and one of the compensated zones D, 
in Fig. 3, respectively. The LED is connected via interconnect element 56 to 
the third terminal of transistor 54, this terminal providing an appropriate 
bias to the LED, under control of the bias to the other two terminals 57 and 
58 of the transistor. For the isolation of ail independent electrically active 
parts of the array, the terminals 56-58 of the transistors and the top contacts 
55 of the LEDs are imbedded in an insulating layer 53, e. g. in a polyimide 
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layer. Further* re. th x-y address Hnes 60.61 are iso.ated against each 
oth r. Equiva, n«,y. th ther mb diments of this invention can be 
prepared for x-y addressing. 

In the above-mentioned example, the thin-film transistors have been 
mtroduced as a nonlinear circuit which transforms two input signals namely 
signals on an x- and a y-address fine, into one signal which is- used for 
biasing a LED which has only one independent terminal and one terminal in 
common with other LEDs. Thus, the function of the transistor matrix in this 
case is different from the role of the thin-fi.m transistor circuitry in the case 
of active-matrix LCD displays, where the transistor is not necessary for 
activating a particular pixel - this would work without transistors - but he.ps 
Improving certain limitations which are due to Intrinsic physical properties 
of liquid crystals and their response to electrical fields and lead to image 
detenorations such as reduced contrast, reduced viewing angle, cross talk 
between adjacent pixels etc. (see Introductory portion of this description, 
However, such deteriorations do not appear in 2-dimensional LED arrays 
consisting of LEDs whose two terminals are directly connected to x-y 
address lines. The lack of such deteriorations in LED displays is due to 
several features of LEDs. namely their fast response speed and the fact that 
the intensity of a particular LED Is a strongly nonlinear function of the bias 
to the LED. Therefore. LED arrays are desired which can operate without a 
transistor matrix as the connecting element between LEDs and x-y address 
lines. 

In the following, examples of multicolor 2-dlmenslonal x-y addressable LED 
arrays which are in accordance with this invention and operate without a 
transistor matrix as the connecting element between LEDs and x-y address 
lines are given. In all these examples. 2 independent terminals of each LED 
are accessible from the top side of an appropriate layered semiconductor 
structure and are connected to an array of x-y address lines on top of the 
structure. In these examples, both Independent terminals are situated on a 
planar surface and a major part of the current which is injected into the 
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activ region of th LEDs fl ws in the lateral direction parallel to the 
substrat . 

Fig. 6 shows example of a multicolor 2-dimensional x-y addressable LEO 
array which is based on MIS-type LEDs. The fabrication of this particular 
structure starts from a single n-type layer 71. which is either undoped (i. e 
unintendedly undoped) or n-doped. In this layer. MIS-type LEDs are 
realized in a lateral arrangement. This Is done by generating insulating 
regions by means of the above-mentioned doping techniques, whereby th 
doping conditions are chosen such that the insulating regions, which serve 
as active regions of the LEDs. are capable of generating radiation with 
predefined colors. Regions with different doping conditions are denoted in 
Fig. 6 with different symbols D, (1-1. 2. ..). Contacts 72. 73. 74. and 75 for 
applying a bias between an insulating region and its n-doped environment 
complete a particular LED, whereby - in contrast to the previous 
embodiments - the electrons are infected primarily laterally into the active 
region where they radiatively recombine with impurity-related holes. For a 
suppression of leakage currents belween different LEDs and thus cross-talk 
between different LEDs, electrical isolation 76 between adjacent LEDs can 
be Introduced. Known isolation approaches are sufficient for the inventive 
LED arrays, e. g. etching of deep isolation trenches or doping for 
introducing current blocking regions such as p-n-junctions or compensated 
(I. e. insulating) regions. The latter approach is obviously an application of 
the above-mentioned doping techniques. As a major part of the electrical 
current flows close to the upper surface of the semiconductor layer 71, the 
depth of said isolating regions is an important optimization parameter for 
minimizing leakage currents. Perfect isolation can be achieved by using 
insulating substrates 70 and perfectly suppressing the lateral current 
between different LEDs by making the depth of said isolating regions equal 
to the thickness of the semiconductor layer 71. Means for isolation 77. 78, 
e. g. thin dielectric layers, assure that the address lines 72-75 are 
connected only to appropriate terminals of the LEDs and that individual 
LEDs can be addressed and activated for the generation of light. 
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for the growth of high-quality epitaxial layers, the maximum siz of LED 
arrays based on crystalline layers is also limited to less than the size of 
state-of-the-art LCD displays, which are fabricated on glass. Therefore, 
displays based on crystalline semiconductor LEDs are best suited for 
projection applications. In order to overcome the size limitation for the 
novel devices under consideration, all epitaxial layers can be replaced by 
appropriate thin amorphous or poly-crystalline films of the same material. 
The availability of techniques for uniformly depositing such thin films on 
large (conductive or insulating) substrates such as glass or any substrate 
which Is used for the thin-film transistor arrays for large active-matrix LCD 
displays assures that the novel devices under consideration can be scaled 
- like a LCD display - to any size when being realized with thin amorphous 
or poly-crystalline semiconductor films. 

On the basis of the multicolor LED arrays In accordance with this invention, 
novel emissive multicolor displays can be made by adding further features 
which depend on the particular display application and can be engineered 
on the basis of common technologies. So far, a variety of novel monolithic 
LED arrays with multicolor capability including means for addressing 
individual LEDs and applying an appropriate bias to them have been 
disclosed, whereby the term 'means for addressing' stands for the 
availability of one or more contacts on the monolithic array, said contacts 
allowing for biasing any predefined LED by means of a power supply. Any of 
these novel LED arrays can be taken as a display's visualizing component 
making predefined data visible to a viewer, whereby each LED represents a 
picture element of the display and the geometry and the color capability of 
each LED is designed accordingly. In order to make a complete display from 
the disclosed LED arrays, further optional functional elements to be added 
can be taken from the following list: 

• a mechanical mount for supporting the LED array such that individual 
light sources attributed to individual LEDs can be viewed; 
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• control electronics for c ntrolling the bias of said LEDs and thus their 
light intensity, said control electronics further comprising an interface 
for receiving image data to be displayed; 

• a timing system for handling time-dependent image data, e. g. video 
signals; 

• a gray-scale processor for handling gray levels of individual subpixels; 

• a pulse generator, for biasing the LEDs in a pulsed mode; such a 
pulsed mode is useful for x-y addressing, where individual pixels are 
subsequently addressed, for gray-scale processing by adopting pulse 
lengths, pulse heights, and/or repetition rates of applied pulses, and 
for the optimization of the power efficiency of the LEDs by reducing the 
heat generation and thus Increasing the internal efficiency of the LEDs. 

LED arrays offer the possibility of realizing displays with a high pixel density 
(see above), whereby pixel sizes 1*m by Iftm or even less are feasible. This 
feature can be taken as an advantage in projection displays. In projection 
displays, conventional optics Is used to generate real or virtual Images of a 
primary display. The high pixel density and the high brightness of LEDs 
allow for the application of imaging optics with a large magnification factor 
in excess of 100. Thus cm size LED arrays can be used to generate m size 
Images which can be projected on a flat screen and can be viewed with a 
sufficient resolution of 10 pixel/mm. The novel devices disclosed in this 
description make full color versions of LED based projection displays 
possible. Such displays are compatible with today's crystalline substrates. 

In summary, a concept for making monolithic arrays of light emitting diodes 
at multiple wavelengths and their use in multicolor displays is presented. 
Such multicolor displays are valuable in combination with many data 
generating systems, e. g. computers. 
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CLAIMS 

1. An array of light emitting diodes (LEDs) for the generation of light at 
multiple wavelengths, the LEDs being realized in- a layered structure of 
semiconductor films (11. 12. 16-18. 31. 34. 36. 39. 42-44. 51. 52. 71) grown on 
one substrate (10. 15. 30. 35. 41. 47. 50. 70. 80). said array comprising 
contact areas (32.x. 33.x. 37. 38.x. 45.x. 46.x. 48. 55. 59. 72-75. 81-84) for 
applying a bias to said LEDs. at least two particular LEDs of said LEDs 
having different electroluminescence spectra obtained in that 

• only the first of said particular LEDs has an electroluminescence 
spectrum being determined by impurity states in the material forming 
Its active region (12. 17, 34. 39, 43. 52). said impurity states leading t 
optical transitions with energies below the bandgap energy of said 
active region, or 

• both of said particular LEDs have at least one impurity state in the 
material forming the respective active region, said impurity states 
being different for both of said LEDs due to different local doping 
conditions/and each of said impurity states leads to optical transitions 

- with energies below the bandgap energy of said active region, said 
optical transitions contributing to said electroluminescence spectra of 
said particular LEDs, or 
» said electroluminescence spectra of both of said particular LEDs 
comprise at least two emission lines with different emission 
wavelengths, both of said emission lines being attributed to optical 
transitions which are related to Impurity states in the material forming 
the active region of said LEDs and have a photon energy below the 
bandgap energy of said active region, said two emission lines having 
the same photon energy but different relative intensities for said 
particular LEDs. 


2. The array of claim 1, whereby the electroluminescence spectrum of at 
least one of the two particular LEDs comprises only one emission line at one 
particular wavelength. 
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leasl one LED of the two particular LEOs comprl,,, ,„., , wo . 
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contained In said Insulating portion. 

8. The array of Calm 7. whereby the metal contact (33.x, 38*, 55), the 
■nsulatlng portion of a semiconducting material (34, 39, 52 D, 1 = 1 2 , 
and the conductive portion of a semicondudlve material (31,' 36 51) are 
vertically arranged with respect to the substrate (30, 35. 50) 
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9. Th array of claim 7. wh reby said array is characterized in that th 

™° P rt '° n8 (D " , = 2 ) — «» -"ducting portions (71, 85-68, 
of the LEDs are realized in a single semiconductor lay er. this .ayer being 
the top layer of the .ayered structure, whereby the instating and/or the 
conducing portion is realized by a lateral variation of the doping conditions 
of the uppermost region at the surface of said top layer. 

10. The array of claim 9, whereby the insulating portion (D„ i = i. 2 . , of 
an LED is embedded in its conducting portion (71). or whereby the 
conducting portion (85-88, of an LED is embedded in its insulating portion ( 

11. The array of any of the claims 1 to 6. whereby a particular LED is a 
p-n-junction (42. 44, based device and the dopants (D f . i = i, 2 , 
responsible for the emission wavelength are contained in the active region 
(43) of said junction. 

12. The array of any of the claims 7 to 11. whereby the layered structure of 
semiconductor films is based on the material system (Ga^AI.),.^. 

13. The array of any of the claims 1 to 12. whereby the contact areas (32 x 
33.x. 45.x. 46jc. 72-75. 81-«4> for applying a bias to a particular LED are on 
the same side of the substrate (30, 41, 70, 80). 

14. The array of any of the claims 1 to 12. whereby the substrate is 
conductive (35, 47, 50) and serves as a common electrode of at least two 
LEDs. 


15. The array of any of the preceding claims, whereby n different 
wavelengths, n^2, are generated, and n times m LEDs are geometrically 
arranged In m equivalent pixels (m^l), each pixel containing n adjacent 
subpixels, each of the n subpixels being identified with one LED for the 
generation of one of the n different wavelengths. 
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20. The multicolor display of claim iq —I* . . 
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22. The multicolor projection display of claim 21 for a projection on a 
scroon. 


23 A computer c„ mpri5 i„ 9 a mu „ lcol<Jr diS(J , a> ,„ 

the claims 18 to 22. 
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FIG. 1B 
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